A full-cyclic automatic control strategy for sequencing batch reactors (SBR) was proposed using only common sensors such as ORP, DO and pH. The main objective was to develop a generally applicable and robust control strategy. To accomplish this, various control schemes found in the literature or suggested by authors were examined at diverse ammonia loads and SCOD/NH 4 þ -N ratios. Advantages and constraints of each scheme were discussed and compared. Ammonia load was estimated with DO lag time during the aerobic stage, and then the influent pump was manipulated to meet the desired load at the next anoxic stage. A partial denitrification scheme was chosen for the anoxic stage period control, to save anoxic time and external carbon. For external carbon dosage control, intermittent feeding at each anoxic stage was concluded to be a suitable scheme. The anoxic stage period could be successfully controlled by the combination of pH increase and DO increase. Every suggested control scheme was incorporated into a fullcyclic control strategy and tested at 0.02, 0.035, 0.08 kg NH 4 þ -N/m 3 /sub-cycle. From the results, it is expected to perform unmanned automatic SBR operation with this strategy.
Introduction
The sequencing batch reactor (SBR) has the advantage of carrying out biological nitrogen removal in a single reactor by maintaining aerobic and anoxic stages sequentially. If one can control aeration precisely by an on -off controller according to the end points of nitrification and denitrification, this control technique can be beneficial for optimising operation schedule and therefore treating capacity. Over the last 10 years many researchers have been working on SBR control based on common sensors such as ORP and pH measurements that should be easy to install, with a little additional investment, in new or existing wastewater treatment plants. (Carpentier et al., 1987; Wareham et al., 1993; Lo et al., 1994; Wouters-Wasiak et al., 1994; Al-Ghusain and Hao, 1995; Hao and Huang, 1996; Plisson-Saune et al., 1996; Zipper et al., 1998) .
Traditionally, the aeration in the SBR was stopped when detecting the bending point of ORP profile or ammonia break point where nitrification was completed. Then, the ORP decreased gradually and dropped suddenly, called a nitrate knee, where denitrification was completed in the anoxic stage and the aeration started again (Peddie and Mavinic, 1990; Wareham et al., 1993; Plisson-Saune et al., 1996) . The pH decreased during the aeration period due to alkalinity consumption by nitrification and increased during the anoxic period due to alkalinity production by denitrification. The bending points in these instances were called 'ammonia valley' or 'nitrate apex ', respectively (Al-Ghusain and Hao, 1995) . In addition, the maximum or minimum values of ORP and pH were proposed as a basis for control strategy (Charpentier et al., 1989) . However, the bending point technique was significantly affected by noise due to its usage of second derivative and therefore it was difficult to handle the data. Sometimes bending points did not appear depending on the operating conditions and influent characteristics (Poo et al., 2002) . In order to control SBR properly these difficulties should be avoided and the loading rate, nitrification rate, denitrification rate, settling and the external carbon feeding rate should be optimised together sequentially.
In this work a full-cyclic control strategy was proposed for SBR treating very strong nitrogen such as swine wastewater. The control strategy included optimising the aeration schedule, the influent feeding rate and the external carbon feeding rate and was compared with the conventional control strategy.
Materials and methods

SBR installation
A pilot-scale SBR was installed as 80 L working volume with an aerator, two mixers and a temperature controller. The sensors were measuring for ORP (Strantrol 886, US Filter), pH (Strantrol 886, US Filter), DO (2401 Oxy, Knick) and temperature. The sensors were cleaned and calibrated every two weeks and the probe was replaced once a year. The measurement signal was transported every second, the data was obtained as a moving average for one minute and stored in the PC. LabVIEW (National Instruments, USA) was used for the human and machine interface (HMI) and displaying ORP, pH, DO, DORP, DpH and DDO profiles on the screen. The system was either operated in the manual mode where the operator can put in the time schedule or the automatic mode where the developed controller was working with the input of the necessary information for tuning by an operator.
Influent characteristics and operating conditions
Synthetic wastewater was used to avoid variation of wastewater characteristics during development of the control strategy. The synthetic wastewater was made similar to the swine wastewater from Kimhae City, Korea, whose SCOD Cr , NH 4 þ -N, T-P and alkalinity concentrations were 2,000-18,000, 2,000, 40 and 10,000 mg/L, respectively. For experimental purposes, the SCOD Cr concentration was varied to produce differences of SCOD Cr /NH 4 þ -N from 1 to 9. If necessary, the nitrogen loading was varied from 0.02 to 0.08 kgNH 4 þ -N/m 3 for each sub-cycle by changing the influent feeding time. The subcycle meant a period when one duration of nitrification (aeration on) and denitrification (aeration off) occurred during a 24-hour full-cycle. The influent or external carbon was fed at the beginning of each anoxic stage period.
Full-cyclic control strategy for SBR
The control targets in this work were NH 4 þ -N load, anoxic stage period, external carbon dosage and aerobic stage period, as shown in Figure 1 . The NH 4 þ -N load control can be carried out by manipulating the influent flow rate at each sub-cycle. The anoxic stage period control can be carried out by detecting the correct end point of denitrification and turning on the aeration. The external carbon (EC) dosage control can be done by monitoring denitrification at each sub-cycle and manipulating enough feeding rate for proper denitrification. The aerobic stage period control can be carried out by detecting the end point of nitrification and shutting off the aeration. The full-cyclic control strategy was developed by discovering these local control schemes experimentally and the conventional strategy was discussed together.
Results and discussion
Control of NH 4 1 -N load
The wastewater containing strong nitrogen similar to swine wastewater showed so-called "DO lag time", which was the period when the DO remained at about 0-2 mg/L at the beginning of the aeration period due to high nitrification rate regardless of air flow rate. Once the nitrification was completed then the DO rose rapidly up to saturation. The DO lag time exhibited linear relationship with the ammonia loading rate (Poo et al., 2002) .
The following equation exhibited a good relationship with r ¼ 0.9 in the ammonia loading rage of 0.02 -0.1 kg NH 4 þ -N/m 3 at the sub-cycle.
Once the loading rate at time 0 from Eq. 1 can be calculated, then the next feeding period, using the current feeding period and the set loading rate with the following equation can also be calculated. This result makes it possible for the operator to run the plant close to the expected loading rate.
where, t f ;nþ1 is next feeding period, t f ;n is current feeding period, L s is set ammonia loading rate and L n is calculated ammonia loading rate at current.
Control of the anoxic stage period
Based on nitrate knee. The anoxic stage control could not be carried out based on DO and pH, since they did not show any dynamic pattern. Only the ORP basis was available. Figure 2 shows ORP profile with the various ratios of SCOD/NH 4 þ -N under 0.02 kgNH 4 þ -N/m 3 at each sub-cycle. Nitrate knee was not observed at one and three ratios of SCOD/NH 4 þ -N where the denitrification was not completed due to lack of organics. At five and seven ratios of SCOD/NH 4 þ -N, the nitrate knee was observed but it was not observed at nine even though complete denitrification occurred. Therefore, control with nitrate knee could not be applied in the cases of very low and high ratios of SCOD/NH 4 þ -N.
Based on the minimum ORP value (ORP Min ). Besides the experimental results shown in residual NOx they were higher than 2 300 mV depending on its concentration. Therefore, ORP Min could be used as a general control variable for the anoxic stage. However it may not be necessary to denitrify completely during the anoxic stage in the sub-cycles except for the last one fed with external carbon. It would be reasonable to denitrify partially until the ORP reached 2 120 mV, named as ORP Min,PDN , just to avoid inhibition of nitrification or denitrification. This control scheme could result in savings in time and external carbon. The control schemes for the anoxic stage are summarised in Table 1 and type written in bold letters was the method selected.
Control of external carbon (EC) dosage
EC dosing method: EC dose at each anoxic stage. The denitrification could be completed by adding the EC only at the final anoxic stage without influent. However, in the case of excess NOx being accumulated during the sub-cycles, the excess EC could lead very low pH to agitate the biomass. It was reported that complete denitrification could not be induced when the residual NOx was 200 mg/L at the final anoxic stage . Therefore this method may not be applicable in broad terms. The dosing method at each anoxic stage would be related to the anoxic stage time control as mentioned before. At each sub-cycle the EC would be added only when the ORP Min,PDN reached 2120 mV. This dosing method would be able to minimise the anoxic stage period and the EC consumption while ensuring effluent quality. EC dosing frequency: Intermittent feeding. The ORP had a somewhat different trend in decreasing compared to that of NOx concentration during the anoxic stage. The NOx decreased linearly all the time, however, the ORP decreased sharply at the beginning of EC input, and then slowly. Therefore, much EC could be wasted if it was fed continuously until the ORP value reached set-point, 2 300 mV or 2 120 mV. To apply intermittent EC feeding, a proper interval had to be determined. The feeding intervals of 15 and 30 min were tested while net volume of injected EC within 30 min was manipulated identically. It was found that the decrease of ORP was disturbed by the EC injection. The slope of the ORP curve declined at every EC input, and did not reach the control point sometimes at an interval of 15 minutes, as shown in Figure 3 (a). With this result, 30 min of EC feeding interval was regarded as correct in this study, as shown in Figure 3(b) , and it should be tuned depending on the system and EC source. Injection of EC in sub-cycles was restricted to the case where the ORP was not reduced to ORP Min,PDN (2 120 mV) with influent feeding. This status occurred only when the influent SCOD/NH 4 þ -N ratio was extremely low, as close to unity Poo et al., 2004) . Therefore intermittent feeding hardly extended the anoxic stage period. The control schemes for EC dosage are compared in Table 2 .
Control of aerobic stage period
Based on ORP bending point or ORP plateau. The ORP bending point where D 2 ORP < 0 was the most commonly seen indicator of complete nitrification in the literature. However, it was not observed at low ammonia load in this study. Moreover, the ORP bending point was too sensitive to the measurement noise because the on-line data had to be differentiated twice. Therefore, it could hardly be regarded as a general indicator of complete nitrification. The ORP plateau where DORP < 0 was easily detected at every ammonia load condition, but excess aeration was followed due to delayed detection of this point, as shown in Figure 4(a) .
Based on DO value or DO increase. Figure 4(b) shows ORP, pH and DO profiles during the aerobic stage. Two control schemes were proposed to detect complete nitrification using DO, such as the DO value itself and the DO increase (DDO). The DO value did not exceed 2 mg/L during nitrification regardless of ammonia load, so the indicator could be 3 mg/L of DO for complete nitrification. The DO value was fairly robust against the measurement noise because no differentiation was needed, but it had difficulties in tuning because it was affected by temperature and MLSS concentration. Just after complete nitrification the DO increased significantly. The sudden increase of DO was not affected by environmental conditions, so DDO could serve as a general indicator. However, the noise of the DO probe was greater at high ammonia loads, so the detection of DO increase could be delayed. At the last sub-cycle, in which EC was served as the sole organic source, the aerobic stage after the EC dose anoxic stage is needed to oxidise residual organics and to remove nitrogen gas in the liquid. In this stage, other inference variables except for DO value were not presented because nitrification was not conducted. Therefore, only DO value could be used to control the final aerobic stage.
Based on pH increase. The pH was decreased during nitrification due to the alkalinity consumption and it started to increase at the end of nitrification, as shown in Figure 4(b) . Therefore, the pH increasing point could be used as the control point of the aerobic stage period. The pH increase was observed at every ammonia load and SCOD/NH 4 þ -N ratio and was almost free from noise. Therefore, it was regarded as the optimum indicator for complete nitrification. However, the variation of pH was relatively small compared with DO and ORP, so it could be hard to detect the pH increase at low ammonia loads if the probe became old and decrepit. For stable and generous aerobic stage control, the pH increase was combined with the DO increase. The DO increase could be detected quickly and easily, especially at low ammonia loads. The pH increase was detected more slowly than the DO increase but was strong under high loads. By combining these two schemes, the aerobic stage can be kept stable even under severe load variation. These five control schemes for aerobic stage period are summarised in Table 3 .
Integration to full-cyclic control strategy for SBR
The selected control schemes can be summarised as follows:
(1) NH 4 þ -N load control based on load estimation by DO lag time
(2) Anoxic stage period control based on ORP Min,PDN (3) External carbon dosage control based on intermittent feeding at each anoxic stage (4) Aerobic stage period control based on pH increase and DO increase.
An integrated full-cyclic control strategy SBR was proposed as shown in Figure 5 . The settling, decanting and idling stages would still be regulated manually in this control strategy. The anoxic stage was controlled based on ORP Min,PDN and if the ORP did not reach ORP Min,PDN EC dosage control would be performed. The aerobic stage was controlled based on pH increase (DpH) and DO increase (DDO). At the beginning of the aerobic stage the DO increased rapidly due to the start of aeration. It could be misunderstood as a control point and a certain delay time is needed. A delay time of 15 min is sufficient in this study. During the aerobic stage the DO lag time was measured and then ammonia load estimated. This information was used to manipulate the influent pump in the next step for ammonia load control. The final anoxic stage adding EC was controlled with the ORP Min for complete denitrification and the final aerobic stage was finished at a certain DO value. The first anoxic stage was terminated at 10 min when ORP value reached 2 300 mV. ORP rapidly decreased in this stage because there was no NO x -N to reduce. The other anoxic stages were terminated at 30 min when ORP value was checked at below 2 120 mV. Partial denitrification occurred at each anoxic stage but the accumulated NO x -N was completely removed at the final anoxic stage with EC. For the aerobic stage control, first and second stages were controlled by pH increase but third and forth stages by DO increase. All aerobic periods were around 60-70 min due to load control and complete nitrification being conducted. The same results were observed in the tests under 0.02 and 0.08 kg NH 4 þ -N/m 3 /subcycles. Most of the anoxic stages were terminated at 30 min and the aerobic period varied by nitrogen load. The whole cycle time was 9.3, 11.4 and 16.0 hours at 0.02, 0.035 and 0.08 kg NH 4 þ -N/m 3 /sub-cycles, respectively.
Full-cyclic control results
Conclusions
A full-cyclic control strategy for SBR was proposed. It includes the control of ammonia load, anoxic stage period, external carbon dosage and aerobic stage period. Various schemes were tested at diverse ammonia loads and SCOD/NH 4 þ -N ratios to constitute robust control strategy. Advantages and constraints of each scheme were discussed and compared and then the most generally applicable scheme was suggested. It is expected to perform an unmanned automatic SBR operation with this control strategy to treat strong nitrogenous wastewater.
